A notable feature of the SOS DH-PH-cat structure is the distal site. It appears that the SOS protein has evolved to have its nucleotide exchange activity be masked until location of the DH domain, which is positioned so that it blocks the allosteric binding site for Ras ( Figure 1C) . as yet undiscovered signals trigger the displacement of the DH-PH unit and the opening of the allosteric site, This feature predicts that the nucleotide exchange activity of SOS DH-PH-cat would not be readily stimulated by allowing Ras itself to stimulate SOS to first low and then high levels of activity. Ras•GTP, since the binding of Ras•GTP to the distal site would require that the DH domain swing out of the way.
Results and Discussion
The DH domain packs against the Rem domain, with an interface that is conserved in sequence from humans Crystal Structure of SOS DH-PH-cat (SOS1 and SOS2) to C. elegans, and is composed mainly We determined the crystal structure of SOS DH-PH-cat at of polar residues ( Figure 2A ). There are differences in 3.62 Å resolution using phases determined experimenthe relative positioning of the DH and Rem domains in tally to 4.0 Å resolution (see Experimental Procedures the two molecules in the asymmetric unit, in which the and Supplemental Tables S1 and S2 at http://www.cell. DH domains are rotated by 11Њ with respect to one ancom/cgi/content/full/119/3/393/DC1/). Extensive screening other (data not shown). Despite the loose nature of its of crystallization conditions did not improve crystalline linkage to the Rem domain, the DH domain appears to order, and, given the resolution of the X-ray data, we act as an efficient latch on the distal Ras binding site have chosen not to refine individual atomic positions.
of SOS because of its stable positioning by the helical Instead, we limited model optimization to rigid-body PH-Rem linker (Figures 1B and 1C). refinement of the positions and orientations of the individual domains, which are placed with high confidence because of the excellent quality of the experimental
The DH-PH Unit Inhibits the Ras-Specific Nucleotide Exchange Activity of SOS electron density maps (see Supplemental Figure S1 ). These maps suggest that the structure of each domain
In assaying the nucleotide exchange activity of SOS Figure 2B ) (see below), and SOS DH-PH-cat:triple.mut (E268A/M269A/D271A) has a weakened Rem-DH interforms a curved C-shaped assembly that has the PH domain at one end and the Cdc25 domain at the other face ( Figure 2A ). These two mutant forms of SOS are part of a large set of mutations that we have screened ( Figure 1B) . The PH domain interacts only with the DH domain, which in turn packs against the face of the Rem for activity, and, since our results are internally consistent, we focus mainly on these two for clarity. In experidomain that is distal to the Cdc25 domain and makes no contact with the latter. A helical linker (residues 550-566) ments that call for Ras•GTP, we use the nonhydrolysable GTP analog GppNp instead of GTP, so that the that is not present in previous models is seen to connect the PH and Rem domains and was traced unambiguhydrolysis of GTP by Ras is not a complicating factor. •GTP ( Figure 2C ). tact between the Rem domain and the helical hairpin structure of the Cdc25 domain, seen in crystal structures
The inability of Ras•GTP to stimulate the activity of experiments are set up so that the distal site is either Figure 2F ). These results point to the importance of Ras•GDP in enabling an intermediate activity of SOS, a fact that was not appreciated previously because Ras•GDP was always present in the assay solutions used to measure SOS activity.
Importance of the Allosteric Binding Site for the Activation of Ras in Cellular Assays
To further validate the relevance of the allosteric mechanism of SOS, we turned to a cell-based assay for SOS activity. COS1 cells were cotransfected with expression plasmids encoding T7-tagged SOS constructs and a vector from which HA-tagged ERK2 is expressed, as described earlier (Corbalan-Garcia et al., 1998). Transfection efficiencies were adjusted to yield similar levels of expression of the various SOS constructs. ERK2 was immunoprecipitated with anti-HA antibodies, and its kinase activity was assayed using myelin basic protein (MBP) as a generic substrate.
Expression of SOS cat in cells leads to robust activation of ERK2, as seen previously (Figure 6 and CorbalanGarcia et al. [1998]). Consistent with the results described above, the two mutant SOS cat proteins that block allosteric Ras binding in vitro (SOS cat:W729E and SOS cat:L687E/R688A
) are significantly impaired in their ability to stimulate ERK2 kinase activity ( Figure 6A ). These results provide evidence for the importance of the allosteric site of SOS for the activation of Ras in a cellular context.
Previous experiments have shown that the entire N-terminal segment of SOS, including the histone folds in addition to the DH-PH unit, inhibits SOS activity in ). Like Trp-729, these two residues are located at the base of the Rem domain complex regulatory control. What is surprising in our . One intriguing possibility is that events at the membrane that alter the disposition of the adopt a conformation at the membrane or in signaling complexes such that Ras has access to both the cata-DH-PH unit within SOS might coordinately activate SOS for both Ras and Rac1 activation. lytic and the allosteric sites of SOS. We do not know how the inhibitory effect of the DH domain is relieved A recent study describes the discovery of novel mutant SOS alleles in Drosophila that affect SOS activity, in vivo, but we expect that some sort of release mechanism will be important, since Ras•GTP binding to the indicating an intricate regulation of SOS in vivo (Silver et al., 2004). Mapping of these mutations to the structure distal site by itself does not seem efficient at releasing the autoinhibition mediated by the DH domain. The kipresented here suggests that they might be disruptive for the DH-PH interface, the helical hairpin close to the netic parameters of the reaction described here for freely diffusing proteins in solution might differ significantly Rem-Cdc25 interface, or the Rem domain close to the distal Ras binding site. It seems clear that further study when Ras:SOS complexes are tethered at the mem- 
